Potato (Solanum tuberosum) is one of the most important food crops worldwide and yields of potato can be affected by virus infection. While more than 40 viruses have been found in potato, only nine viruses (potato leafroll virus, potato viruses A, M, S, V, X and Y, potato moptop virus and tobacco rattle virus) and one viroid (potato spindle tuber viroid) have a significant economic impact on potato, worldwide. This review describes the geographical distribution of the most important viruses infecting potato and the genes for resistance or tolerance that have been identified against these various infectious agents. In some cases such resistance genes have been found only in other Solanum species. Few genes for resistance to the vectors of these viruses have been obtained and even fewer have been deployed successfully. However, transgenic resistance in potato has been achieved against seven of these disease agents.
Keywords : potato, potato viruses, resistance, vectors Potato (Solanum tuberosum ssp. tuberosum) is the world's fourth major food crop. The modern potato is a selfcompatible outbreeding tetraploid plant derived from introductions to Europe from South America in 1570. These introductions were of the cultivated ancestral potato Andigena (S. tuberosum ssp. andigena), another tetraploid, which probably evolved from diploid species. Potato had been adapted to long-day growth conditions by the end of the 18th century, by selection for early tuber-bearing plants giving high yields. With time, a progressive "degeneration" of the crop was observed, increasing with subsequent generations. This was recognized in the early 20th century as being due to virus infection (Salaman, 1921) . Subsequently, it was realized that several viruses were transmitted by aphids to potato, and then later still that other vectors transmitted several viruses to potato. These various observations led to the introduction of virus disease regulations, the development of seed certification schemes and breeding for virus resistance in a number of countries. Thus, high-grade, virus-free seed tubers could be produced in areas that were isolated climatically and geographically from both sources of infection and reduced numbers of virus vectors. However, the various sanitary measures are labor-intensive, expensive and difficult to maintain and thus breeding for resistance may be a preferred option, in the long term. This mini-review describes the major, agronomically-important potato viruses, as well as resistance genes to both these viruses and their vectors, which have been identified and deployed.
Potato Viruses
About 40 viruses and two viroids can infect potato naturally. Another 22 viruses and four viroids can infect potato experimentally. However, of those viruses that infect potato naturally, only nine viruses and one viroid are considered to have a significant economic impact on a worldwide basis (Table 1) . The other viruses either are not known to have an impact or have effects limited to specific locations. Of the other 13 viruses, several currently are limited in their distribution to certain areas of Asia, or the Americas and generally are not found in potato, unless alternate hosts for their vectors (thrips, leafhoppers and whiteflies) are absent due to drought or other environmental factors. Thus, it is conceivable that many of these viruses may yet emerge into viruses problematic in potato.
The economic effects of virus infection vary with location, potato cultivars and other environmental factors. Viruses such as Potato leafroll virus (PLRV) and Potato virus Y (PVY) can affect yield substantially, with up to 80% losses, while viruses producing mild or latent symptoms, such as Potato virus X (PVX) and Potato virus S (PVS), show yield losses of at most 10 to 20% (Burton, 1989; Kojima and Lapierre, 1988) .
PLRV is probably the most important and damaging potato virus on a worldwide basis and is found in all regions where potato is grown. PVY is also widespread and causes considerable damage, depending on the cultivar of potato and the strain of virus. PVY is more common than PLRV in some regions of the world. The other potyviruses of potato, Potato virus A (PVA) and Potato virus V (PVV), are often grouped together with PVY (as "mosaics") in virus disease regulation schemes, since they are not found as frequently and usually are not associated with severe disease; PVA can be found worldwide (except in the Andes) and causes symptoms varying from mild to severe, while PVV has a very limited distribution and until recently was not considered important. PVX occurs worldwide, but generally produces only mild symptoms. Nevertheless, PVX could still cause reductions in tuber yield. In particular, PVX is a problem in mixed infections with potyviruses, where a severe synergistic disease is produced. The other four viruses, Potato virus M (PVM), PVS, Potato mop-top virus (PMTV) and Tobacco rattle virus (TRV) are important, but only in localized areas, even though some (PVS and PVM) have a worldwide distribution (Table 1) . PMTV is found primarily in cooler climates, while TRV is found in light sandy soils, which favor its nematode vectors. The only significant viroid in potato, Potato spindle tuber viroid (PSTVd), occurs in various locations, including N. and S. America, China and Eastern Europe, but it is not considered indigenous to potato in Western Europe (Table 1) .
All of the above viruses and the viroid are transmitted through tubers, while only PSTVd is transmitted through true seeds. In addition, PVX, PVS, PVM and PSTVd are transmitted by contact, TRV is transmitted by Trichodorid nematodes, PMTV is transmitted by the protist Spongospora subterranea, and PLRV, PVY, PVA, PVV, PVM and some isolates of PVS are transmitted by aphids (Table 1) . In some cases, PSTVd can be transmitted by aphids via co-encapsidation in virions of PLRV (Querci et al., 1997) .
Resistance to potato viruses Barker and Dale (2006) defined six types of resistance to various potato viruses. These included resistance to infection (previously known as field resistance), resistance to virus accumulation, resistance to virus movement, mature plant resistance, tolerance, and resistance to virus vectors. Resistance to infection is a reduction in the number of plants that become infected under field conditions. In resistance to virus accumulation, the plants become infected but virus accumulates only to low levels in the plants. In resistance to virus movement, the virus is impeded in its movement to other parts of the plant, including the tubers. Mature plant resistance occurs in most cultivars against most viruses, but varies with timing, environmental conditions and virus strain. Tolerance is a resistance to disease, in which virus accumulates, but the crop shows little or no effect. Most of the specific resistance genes described in potato specify resistance to viruses in which infection is limited by inducing either an extreme resistance (ER) with little or no virus accumulation at the site of infection and no movement, or a hypersensitive response (HR), in which a necrotic lesion developed following infection, usually limiting virus infection to the area around the site of inoculation (Solomon-Blackburn and Barker, 2001a, b) . Genes specifying an ER or an HR, listed in Table 2 , have been identified for resistance against PVY, PVA, PVV, PVX, PVS and PVM. These have been incorporated in potato lines to limited extents (see below).
PLRV
Breeding for resistance to PLRV has been limited by a scarcity of sources of complete resistance and by the laborintensive field screening procedures required to assess the resistance. Sources of resistance to PLRV have been identified, but few cultivars exhibit strong resistance. Only one resistant cultivar, Pentland Crown, is grown widely in the UK. The resistance in Pentland Crown incorporated both resistance to infection and resistance to virus accumulation. The partial resistance to virus infection is polygenic (Davidson, Cockerham, 1970; 2 = Ross, 1961; 3 = Barker, 1997; 4 = Jones, 1990; 5 = Barker, 1996; 6 = Hämäläinen et al., 1998; 7 = Munoz et al., 1975; 8 = Valkonen et al., 1994; 9 = Cockerham, 1958; 10 = Hutton, 1951; 11 = Davidson, 1980; 12 = Szajko et al., 2008; 13 = Cadman, 1942; 14 = Valkonen et al., 1995a; 15 = Cockerham, 1943; 16 = Moury et al., 2011; 17 = Fribourg and Nakashima, 1984; 18 = Cockerham, 1955; 19 = Ross, 1986; 20 = Fernandez-Northcote, 1990; 21 = Mills, 1965; 22 = Ross, 1954; 23 = Swiezynski, 1994; 24 = Tommiska et al., 1998; 25 = Valkonen et al., 1995b; 26 = Brown et al., 1984; 27 = Bagnall and Young, 1972; 28 = Baerecke, 1967; 29 = Was and Dziewonska, 1984; 30 = Swiezynski et al., 1993; 31 = Dziewonska and Ostrowska, 1978; 32 = Novey et al., 2007; and 33 = Kelley et al., 2009. 1973), while a single dominant gene controls resistance to virus accumulation (Barker, 1987; Barker and Solomon, 1990; Brown and Thomas, 1994; Solomon-Blackburn et al., 2003 ). Resistance to virus accumulation has been described from a range of S. tuberosum breeding lines and other related material (Barker and Harrison, 1985; Chavez et al., 1988; Franco-Lara and Barker, 1999; Gase et al., 1988; Swiezynski et al., 1988; Wilson and Jones, 1993; Van den Heuvel et al., 1993) . The most resistant tetraploid genotypes had between 1 and 5% of the PLRV levels found in susceptible clones. A number of useful sources of resistance have been detected in wild Solanum germplasm, including S. brevidens, S. etuberosum, S chacoense and S. phureja (see Solomon-Blackburn and Barker, 2001a) ; however, none of these have been deployed in commercial cultivars.
Resistance controlled by a single gene from S. etuberosum, designated Rlr etb , and mapped to chromosome IV, has been crossed into a potato cultivar and resulted in a decrease in virus levels (Kelly et al., 2009; Novy et al., 2007) . Resistance to infection by PLRV in some German potato cultivars was derived by introgression of genes from S. demissum (Davidson, 1980; Ross, 1966) . Resistance controlled by a single gene conferring an HR was identified, but has not been used widely, since the plants developed systemic necrosis under high inoculum pressure. Immunity to infection by PLRV has been identified in S. chacoense, although this is inherited polygenically. One major and two minor quantitative trait loci (QTL) accounted for 50 to 60% of the resistance to PLRV (Marczewski et al., 2001 ). The major QTL was mapped to chromosome XI, while the two minor ones were mapped to chromosomes V and VI. Therefore, potato cultivars resistance to PLRV can be developed, especially with the aid of marker-assisted selection.
Potyviruses
There are many cultivars of potato that contain HR genes conferring a useful level of resistance to potyviruses. Some genes are specific to strains of PVY or PVA, while others show resistance to a broad range of strains of PVY, PVA and PVV. These various sources of resistance were derived in earlier breeding programs, by selecting cultivars that withstood virus degeneration better than others within the potato gene pool. Several major strains of PVY occur: PVY O , or the common strain, which is severe in potato, and PVY N ("necrotic" strain), which is mild in potato (but is severe and induces systemic necrosis in tobacco O have been shown to be effective against all strains of PVY; Ry sto also provides resistance to PVA and PVV. These genes were derived from S. stoloniferum and S. tuberosum ssp andigena, respectively; Ry adg mapped to a distal region of potato chromosome XI (Hämäläinen et al., 1997) , while Ry sto mapped towards the end of chromosome XII (Flis et al., 2005; Song et al., 2005; Valkonen et al., 2008) . Both resistance genes control an ER to virus infection. S. tuberosum ssp andigena also was a source of a dominant HR gene for resistance to PVA (Ra adg ), as well as a source of a recessive resistance (ra) to systemic movement of PVA; both of these genes were linked to Ry adg on chromosome XI (Hämäläinen et al., 2000) . Genes encoding an HR to PVY in potato (Ny tbr ) and in S. sparsipilum (Nc spl ) were found to be either allelic or map very close on chromosome IV (Moury et al., 2011) .
Relatively few cultivars have ER to these potyviruses, despite attempts being made to introgress ER to them since the 1940s. This is probably because such ER genes were generally introduced more recently to the S. tuberosum gene pool, and they were introduced from relatively few sources. Moreover, S. stoloniferum (the source of genes Ry sto and Ry stona ) does not intercross freely with S. tuberosum and hybrids are often male sterile. No potato cultivars produced in the UK are known to have a Ry gene, although several potato cultivars containing the Ry gene have been produced in Germany, Hungary, The Netherlands and Poland, undoubtedly due a higher priority for PVY resistant cultivars in those countries.
PVX
There are many potato cultivars that contain single dominant genes for resistance to PVX including the HR genes Nc tbr , Nx tbr and Nb tbr Nx phu , as well as the ER genes Rx tbr , Rx adg or Rx acl . Many of the HR genes were introduced unknowingly during breeding programs incorporating wild species from South America, since the mid-18th century. Although the gene Nx tbr for resistance to PVX (Cadman, 1942; Cockerham, 1970) has been used widely for decades, it still confers very useful resistance, albeit it does not provide resistance to all PVX strains. Resistance-breaking strains have been found (Jones, 1982 (Jones, , 1985 , but they have not become prevalent, as there is a fitness cost associated with resistance-breaking. The dominant Nx phu gene, derived from S. phureja and conferring an HR against PVX, has been mapped to the long arm of potato chromosome IX (Tommiska et al., 1998) . The dominant gene Nb tbr , which confers an HR against PVX isolates from strain groups 1 and 2, has been mapped to the upper arm of potato chromosome V (Marano et al., 2002) .
Introgression of the ER genes to PVX has occurred in several countries since the early 1950s. Potato cultivars with Rx tbr , Rx adg or Rx acl have been produced in the USA, Germany, Argentina, UK and Ireland (Ross, 1986) . Two Rx genes, Rx1 and Rx2, originating from S. tuberosum ssp andigena and S. acaule, respectively, and encoding a comprehensive ER to PVX, have been isolated and cloned (Bendahmane et al., 1999 (Bendahmane et al., , 2000 . Rx1 mapped to potato chromosome XII, while Rx2 mapped to chromosome V. The Rx1 gene has been expressed as a transgene in two Nicotiana species and potato, where it has been shown to induce ER to PVX (Bendahmane et al., 1999) . The transgenic Rx-mediated resistance was indistinguishable from the Rx-mediated phenotype in potato cultivar Cara. Both Rx genes have a similar organization to a number of other plant resistance genes functional against other types of pathogens (Jones and Jones, 1997) . These contain various conserved elements, such as nucleotide binding sites and leucine-rich repeats (Bendahmane et al., 1999 (Bendahmane et al., , 2000 . However, unlike resistance genes that are specific to bacteria, fungi, or insects, resistance genes specific to plant viruses do not encode membrane-anchoring domains. Thus, these virus resistance gene products interact with the viral elicitors (or other host proteins that previously have reacted to the viral elicitors) once these are present inside the cell.
Carlaviruses
PVS and PVM are commonly found in potato, but are essentially symptomless in most of the widely grown potato cultivars. Much less effort has been devoted to breeding for resistance to PVS and PVM than to PLRV, PVX or the potyviruses, partly because PVS and PVM cause less damage than most other viruses, and partly because there has been less work identifying sources of resistance to PVS and PVM. A major dominant gene (Nm) for hypersensitivity to PVM was identified in S. megistracrolobum (Ross, 1986) , while a major dominant gene (Gm) conferring resistance to infection by PVM from S. gourlayi was reported (Dziewonska and Ostrowska, 1978) . A few sources of resistance to PVS have been described, including resistance to infection, identified in potato cultivars Adretta and Saco produced in Germany and the USA, respectively (Ross, 1986) . A localized hypersensitivity to PVS is conferred by the dominant gene Ns, originally introgressed from S. tuberosum ssp. andigena. A few potato cultivars have been produced containing the Ns gene, including the cultivars Szignal and Fantasia, generated in Hungary and Germany, respectively (Ross, 1986) .
TRV
There are several potato cultivars immune to TRV infection, including Record, Hermes and Lady Rosetta. There also are several potato cultivars in which resistance mediated by an HR-like response occurs, including Pentland Dell and Russet Burbank. The HR-like response to TRV is different from that described against with PVX or potyviruses, where the HR can provide a useful level of resistance. After infection by TRV, the HR does not occur in leaves, but in tubers, where it is undesirable because of the detrimental effect of the necrotic arcs, referred to as corky ringspot (or spraing), on tuber flesh quality, although the HR-type response can provide a certain measure of resistance to further infection in the plant. Resistance in potato cultivar Record appears to be conferred by a single resistance gene with linked AFLP markers identified (M.F.B. Dale, personal communication). The HR-like response in Pentland Dell appears to be due to a major heritable factor. The resistance in Record vs. Pentland Dell is due to two different major genes involved in the processes of resistance and the development of corky ringspot symptoms in different populations. The identification of usable markers associated with these resistance genes will enhance greatly the breeding for improved resistance to TRV, which currently relies on field assessments that are slow, labor-intensive and at often unreliable, depending upon environmental conditions.
PMTV
Resistance to PMTV has not been introgressed deliberately in breeding programs and there is no reliable method to screen for tolerance or resistance to infection in the field (Solomon and Wastie, 1988) . Some cultivars of potato show tolerance to PMTV, but others show various levels of disease. For example, potato cultivar Saturna, widely grown in Scandinavia, is very sensitive (Nielsen and Mølgaard, 1997; Sandgren, 1995) , while cultivars Appell and Desirée are more resistant to infection by PMTV. Moreover, there are differences in susceptibility among cultivars, with cultivars Bintje, King Edward, Maris Peer, and Record being more tolerant and producing symptomless infected tubers (Arli-Sokmen et al., 1998; Kurppa, 1990) .
PSTVd
There are no reports of resistance in commercial potato cultivars to PSTVd and few reports of natural resistance to PSTVd. The Commonwealth Potato Collection (CPC) (www.hutton.ac.uk/commonwealth-potato-collection) lists S. acaule, S. guerreroens and S. berthaultii as showing some resistance. Further effort put into screening accessions of these species would likely show other sources of resistance. PSTVd represents a particular problem to potato breeders, since it is transmitted through true seed. Thus, breeders must prevent PSTVd from becoming established in the breeding parents. This can be done by rigorous screening prior to use of such materials and removing any local sources of infection, as there is a measurable frequency of PSTVd being transmitted by aphids if encapsidated into PLRV particles in co-infected plants (Querci et al., 1997) .
Resistance to PLRV would also be desirable in those regions where PSTVd is endemic to prevent aphid-transmitted PSTVd from becoming a problem.
Resistance to virus vectors
Resistance to aphid vectors has been sought in Solanum species. Such a breeding trait should be useful as it could help to reduce virus spread. A type of resistance to aphids has been found in the wild Bolivian potato species Solanum berthaultii. The resistance is based on differences in two types of glandular hairs. When the A-type hairs are ruptured, the aphids are entrapped within their contents. By contrast, the B-type hairs entangle aphids. This causes the aphids to struggle and thus rupture more A-type hairs (Tingey and Laubengayer, 1981) . Moreover, the B-type hairs contain (E)-β-farnescene, the main component of the alarm pheromone for most aphids, and thus this chemical acts to repel aphids (Gibson and Pickett, 1983) . In a field trial, accessions of S. berthaultii with type A and B hairs or only with type A were infected equally by PVY; however, the spread of PLRV was reduced significantly by the B type hairs (Rizvi and Raman, 1983) . Unfortunately, it has been found to be difficult to incorporate the genes specifying the B-type hairs without also introducing undesirable characteristics such as later maturing plants, fewer tubers and lower yields (Kalazich and Plaisted, 1991) . In addition, resistance to aphids based on reduced feeding or colonization has been observed (Mottaghinia et al., 2011; Pompon et al., 2010; Salas et al., 2010) , but this may not be sufficient to prevent infection by potyviruses. Resistance to powdery scab, caused by S. subterranea, has been found in Solanum species and certain potato cultivars. PMTV is transmitted by motile zoospores of S. subterranea; however, it is not known whether resistance to powdery scab could be developed to a level that would provide resistance to natural infection by PMTV.
Transgenic resistance
Individual resistance to most of the major potato viruses has been generated in tobacco by transgenic expression of viral sequences derived from various viral genes including those encoding the capsid protein, the replicase, movement protein and proteinases (reviewed by Dasgupta et al., 2003; Kawchuk and Prüfer, 1999; Lomonossoff, 1995; Palukaitis and Zaitlin, 1997; Prins et al., 2008) . However, there are fewer examples where such sequences of potato virus genomes have been incorporated into the potato genome and have been shown to confer resistance to those viruses. Nevertheless, this has been accomplished with sequences derived from PLRV (Barker et al., 1992; Brown et al., 1995; Ehrenfeld et al., 2004; Graham et al., 1997; Kawchuk et al., 1997; Kawchuk et al., 1990; Murray et al., 2002; Palucha et al., 1998; Rovere et al., 2001; Thomas et al., 2000) , PVY (Chi et al., 2005; Hefferon et al., 1997; MakiValkama et al., 2001; Malnøe et al., 1994; Missiou et al., 2004; Okamoto et al., 1996; Racman et al., 2001; Schubert et al., 2004; Smith et al., 1995; Sokolova et al., 1994; Wefels et al., 1993) , PVA (Nie et al., 2008) , both PLRV and PVY (Arif et al., 2009 ), PVX (Doreste et al., 2002 Hoekema et al., 1989; Spillane et al., 1998; Xu et al., 1995) , both PVX and PVY (Lawson et al., 1990) , PMTV (Germundson et al., 2002; Melander et al., 2001) , TRV (Melander, 2006) and PSTVd (Matousek et al., 1994; Yang et al., 1997) . Solomon-Blackburn and Barker (2001a) have suggested that transgenic resistance derived by stacking sequences from several viruses may offer to best means of obtaining multiple virus resistance, given that the sources of host-derived resistance to the various potato viruses involve different breeding lines and even different Solanum species. Stacking of genes to create resistance to multiple viruses has been conferred against three cucurbit viruses [cucumber mosaic virus (CMV), watermelon mosaic virus 2 and zucchini yellow mosaic virus in transgenic cantaloupe (Cucumis melo L. var cantalupensis naudin; Fuchs et al., 1997) and squash (Cucurbita pepo L.; Fuchs et al., 1998) ], against three viruses (TMV, PVY and CMV) in transgenic tobacco (Zhu et al., 2008) , against four tospoviruses in transgenic Nicotiana benthamiana (Bucher et al., 2006) and against either three (PVY, PVA, and PLRV) or five (PVY, PVA, PLRV, TRV and PMTV) potato viruses in tobacco (Chung and Palukaitis, 2011) . However, only recently has such stacked resistance been reported against multiple viruses (PVX, PVY and PLRV) in potato (Arif et al., 2012) . It will be interesting to see whether further resistance to multiple viruses can be produced, and for how many viruses such resistance can be conferred.
An alternative to using viral sequences to confer resistance is the use of modified translation factors such as eIF4E. This has proven successful in tomato transgenically-expressing a naturally mutated eIF4E gene, which showed resistance two strains of PVY and pepper mottle virus, but not to tobacco etch virus (Piron et al., 2010) , and in potato transgenically-expressing a modified S. tuberosum eIF4E gene, mutated to contain changes present in the Capsicum annuum pvr1 2 gene, conferring resistance to PVY in capsicum (Cavatorta et al., 2011) , which also showed resistance to PVY.
Conclusions
Sources of natural resistance have been identified against most of the nine principal viruses infecting potato. In some cases such resistance genes have been found only in other, Solanum species that are often non-tuber-bearing. In many cases, these resistance genes either have not been introgressed into potato, or have only been introgressed sparingly. This may be due to polygenic nature of the resistance, the particular virus target being largely symptomless in the cultivars in use, or some sterility or incompatibility associated with use of the resistant parent. Few genes for resistance to the vectors of these viruses have been obtained and even fewer have been deployed successfully. Transgenic resistance using virally-derived sequences has been demonstrated against seven of the nine viruses and against PSTVd, all in potato; however, these have not been deployed due to resistance of consumers to genetically-modified food crops. The use of natural or artificially-modified virus resistance genes introduced into genetically modified plants offers an alternative possibility for conferring resistance against viruses. In addition, the determination of genome sequences of potato (Potato Genome Sequencing Consortium, 2011) and tomato (Tomato Genome Consortium, 2012) should facilitate the isolation of further resistance genes against these viruses, which can then be introduced into potato by cisgenic technology (Schouten et al., 2006) . It will be interesting to see how rapidly resistance to multiple viruses can be achieved by either cisgenic or transgenic approaches, whether such resistance genes also function against viruses transmitted by the natural vectors of those viruses, and how durable such resistance will be in the field. 
